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Abstract
Alcoholic liver injury comprises of interactions of 
various intracellular signaling events in the liver. Innate 
immune responses in the resident Kupffer cells of the 
liver, oxidative stress-induced activation of hepatocytes, 
fi brotic events in liver stellate cells and activation of liver 
sinusoidal endothelial cells all contribute to alcoholic 
liver injury. The signaling mechanisms associated 
with alcoholic liver injury vary based on the cell type 
involved and the extent of alcohol consumption. In 
this review we will elucidate the oxidative stress and 
signaling pathways affected by alcohol in hepatocytes 
and Kupffer cells in the liver by alcohol. The toll-like 
receptors and their down-stream signaling events that 
play an important role in alcohol-induced infl ammation 
will be discussed. Alcohol-induced alterations of various 
intracellular transcription factors such as NFκB, PPARs 
and AP-1, as well as MAPK kinases in hepatocytes and 
macrophages leading to induction of target genes that 
contribute to liver injury will be reviewed. Finally, we 
will discuss the signifi cance of heat shock proteins as 
chaperones and their functional regulation in the liver 
that could provide new mechanistic insights into the 
contributions of stress-induced signaling mechanisms in 
alcoholic liver injury.
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INTRODUCTION
Alcohol induced liver injury is marked by pathological 
changes in the liver ranging from steatosis, steatohepatitis 
to cirrhosis and sometimes hepatocellular carcinoma. 
The complex pathogenesis of  acute and chronic alcohol 
consumption is multifactorial with diverse consequences 
in different tissues and cell types. Alcohol consumption 
leads to elevated endotoxin in the blood and liver leading 
to activation of  immune cells that produce infl ammatory 
mediators (i.e. cytokines). Abnormal cytokine production 
is a major feature of  alcoholic liver disease. Elevated 
serum concentrations of  TNFα, IL-6 and IL-8 have 
been reported in alcoholic patients and correlated with 
liver injury and clinical outcome[1]. Among infl ammatory 
cytokines, TNFα is a critical factor in alcoholic liver 
injury, a hypothesis that has been confirmed in animal 
models and human studies[2,3]. Resident macrophages/
Kupffer cells in the liver increase their production of  
cytokines in patients with alcoholic liver disease. Cultured 
monocyte/macrophages from alcoholic hepatitis patients 
produce TNFα spontaneously that is enhanced further 
in response to lipopolysaccharide (LPS)[1]. In alcoholic 
liver injury, studies have shown that it is TNFα that is 
responsible for hepatocyte killing resulting from increased 
sensitivity of  otherwise resistant cells to TNF-induced 
killing/apoptosis[4]. It appears that early alcoholic liver 
injury involves interactions of  cytokine over-production 
due to induction of  the “hyper-inflammatory” state in 
monocytes/macrophages and sensitization of  hepatocytes 
to cell death. The intracellular molecular mechanisms in 
response to alcohol exposure leading to infl ammatory gene 
expression in the innate immune cell compartment and its 
down-stream effect on parenchymal cells of  the liver are 
of  considerable current interest.
In this article we will review the key components involved 
in alcohol-induced sensitization to TLR-signaling pathways 
and the pivotal role of  transcription factors and mitogen-
activated protein kinases (MAPK) contributing to alcohol-
induced infl ammation and hepatocyte injury. Furthermore, we 
will highlight the possible role of  stress-induced heat shock 
proteins as chaperones in alcoholic liver injury.
CELL TYPES INVOLVED IN ALCOHOLIC
LIVER INJURY
The currently accepted model of  alcoholic liver injury 
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is characterized by increased gut permeability due to 
prolonged alcohol consumption resulting in increased 
endotoxin levels in portal circulation[5]. Endotoxin is 
recognized by the resident macrophages/Kupffer cells 
in the liver via the toll-like receptor-4 (TLR4) leading 
to activation of  intracellular signaling pathways in the 
macrophages and production of  pro-inflammatory 
cytokines (TNFα, IL-1), chemokines (IL-8, MCP-1) and 
TGFβ[6,7]. Kupffer cell-derived mediators then activate 
the other cell types in the liver resulting in damage. 
Chemokines recruit polymorphonuclear neutrophils and 
other infl ammatory cells such as macrophages and T cells 
which contribute to amplification of  the inflammatory 
response. Hepatocytes undergoing oxidative stress due to 
ROS generation and CYP2E1 induction are sensitized to 
TNFα induced apoptosis and necrosis[3,8]. Furthermore, 
mediators such as TGFβ and LPS activate stellate cells 
to proliferate and produce collagen leading to fibrosis 
and progression of  liver injury[9]. Alcohol-related injury 
of  liver sinusoidal endothelial cells and their role in 
progression of  disease has not been well studied. Some 
studies suggest that liver sinusoidal endothelial cells can 
be activated to produce cytokines and chemokines by 
malondialdehyde-acetaldehyde adduct proteins, generated 
by alcohol metabolism and thus could further contribute 
to amplification of  alcohol-induced inflammation[10]. 
Collectively, alcoholic liver injury involves various liver cell 
types during progression of  disease.
ALCOHOL, OXIDATIVE STRESS AND 
INFLAMMATION
Chronic alcohol induced inflammatory responses in 
the liver are thought to be central to alcoholic liver 
injury. Excessive generation of  reactive oxygen species 
(ROS) called free radicals plays an important role in 
alcohol-induced cellular damage[8]. A number of  studies 
have shown that alcohol increases generation of  ROS 
in vitro[11-13]. However, to determine the in vivo generation of  
ROS by alcohol has been rather challenging. Nevertheless, 
ROS-induced cellular responses are critical in alcohol-
induced infl ammation as well as TNF-induced hepatocyte 
killing[2,13]. The ROS-related intracellular mechanisms 
leading to the sensitization of  cellular injury by alcohol 
are underway in various laboratories. In the liver, Kupffer 
cells produce ROS in response to chronic alcohol 
exposure as well as endotoxin[13]. Recent evidence shows 
that direct interaction of  NADPH oxidase isozyme 4 
with TLR4 is involved in LPS-mediated ROS generation 
and NFκB activation[14]. In alcohol fed rats, pretreatment 
with diphenyliodonium (DPI), which inhibits NADPH 
oxidase and normalizes ROS production, decreased LPS-
induced ERK1/2 phosphorylation and inhibited increased 
TNFα production in Kupffer cells[13]. Thurman and his 
group have shown that p47 phox-/-mice are resistant 
to alcohol-induced liver injury, indicating an important 
role for NADPH oxidase in not only inflammatory 
responses but also liver injury[15]. Furthermore, dilinoleoy
lphosphotidylcholine (DPC) also prevented LPS induced 
NFκB and ERK1/2 activation and TNFα production 
in Kupffer cells of  chronic alcohol fed rats[16]. It is now 
widely accepted that ROS not only plays a critical role in 
direct hepatocyte injury but also contributes to increased 
inflammatory responses further enhancing liver injury. 
Hence, the mechanisms affecting interaction of  ROS 
and inflammatory responses as well as alcohol-induced 
sensitization mechanisms leading to hepatocyte death by 
alcohol need further elucidation.
ALTERATION OF TLR INDUCED SIGNALING 
PATHWAYS BY ALCOHOL
A major role for TLR mediated signaling, via endotoxin, 
in alcoholic liver disease (ALD) (Figure 1) was established 
by studies of  Thurman and colleagues[7,17]. Innate 
immune responses activated via the Kupffer cells, the 
primary effector cell in the liver, play a key role in the 
early pathogenesis of  alcohol-induced liver injury[18]. 
Increased levels of  circulating lipopolysaccharide (LPS) 
in alcoholic patients have been shown[19]. The currently 
accepted model of  alcoholic liver injury elucidates that 
LPS promotes hepatic injury via induction of  Kupffer 
cell activation resulting in production of  TNFα and other 
inflammatory mediators. The Kupffer cells respond to 
stimulation by gut-derived endotoxins and apoptotic dead 
cells in the tissue resulting in increased inflammatory 
responses. Studies in knock out mouse models have shown 
that chronic alcohol feeding in CD14, TLR4 and LPS-
binding protein (LBP) defi cient mice results in alleviation 
of  alcohol-induced liver injury indicating an important role 
for the TLR4 pathway[7,20]. Furthermore, LPS recognition 
by TLR4 expressed on hepatic stellate cells and sinusoidal 
epithelial cells may also contribute to the progression of  
ALD[21,22].
Circulating TNFα is increased in chronic alcoholics 
as well as in mouse chronic alcohol feeding models[1,23]. 
Alcohol sensit izes Kupffer cel ls and monocytes/
macrophages to produce increased TNFα in response 
to endotoxin[24]. Although studies on effects of  alcohol 
on membrane proximal events using mutant and knock 
out mice have shown an important role for CD14[20] 
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and TLR4[7], recent studies show hepatic expression of  
TLR2 or TLR4 mRNA was not changed by chronic 
alcohol feeding or by acute alcohol administration[25]. 
Upon activation of  TLR4, IRAK is recruited to the 
TLR4 complex via interaction with MyD88 (Figure 1). 
Acute and chronic alcohol exposure affects activation and 
recruitment of  the IRAK-1 and IKK kinase activation[28] 
Mandrekar et al unpublished. In contrast to chronic 
alcohol consumption, acute alcohol exposure inhibits 
TLR4 signaling in monocytes and macrophages after in 
vitro as well as in vivo alcohol treatment in mice leading 
to decreased LPS-induced TNFα production[26-28]. 
Acute alcohol administration also suppressed TLR3 
downstream signaling[29]. In vitro acute alcohol exposure 
of  human monocytes or macrophages suppresses LPS-
induced IRAK-1 phosphorylation[28] and inhibits poly I:C 
induced IRAK-1 degradation[29] (Figure 1). Furthermore, 
acute alcohol exposure of  murine macrophages inhibits 
TLR2, TLR4 and TLR9 ligand-induced IL-6 and TNFα 
production[30]. Thus, it is evident that TLR-associated 
molecules such as CD14, TLR4 and LPS-binding protein 
(LBP) as well as their intra-cytoplasmic mediators IL-1 
receptor associated kinases (IRAKs), IκB-kinase complex 
(IKK) and NFκB are altered by alcohol and can contribute 
to alcoholic liver injury.
TRANSCRIPTION FACTORS INDUCED BY
ALCOHOL
In response to a lcohol exposure, mult iple s ignal 
transduct ion pathways are act ivated by different 
receptors such as TLRs, TNFα, etc. in various liver cell 
types culminating in nuclear events involving binding 
of  transcription factors to the promoter elements of  
target genes. The progression of  alcoholic liver disease 
is characterized by initial appearance of  fatty liver and 
infl ammation, necrosis and apoptosis followed by fi brosis. 
It is generally accepted that the molecular mechanisms 
regulating the different stages of  alcoholic liver disease 
from fatty liver and infl ammation to fi brosis and cirrhosis 
are diverse. Since early alcoholic liver injury, a reversible 
condition, which comprises of  development of  fatty liver 
and inflammation, research on intracellular mechanisms 
has been focused primarily on these early stages. Chronic 
alcohol exposure increases expression of  genes regulating 
fatty acid synthesis and suppresses genes involved in 
fatty acid oxidation resulting in increased fatty acid 
accumulation or steatosis. Transcription factors regulating 
fatty acid metabolism including sterol regulatory element 
binding protein (SREBP) and peroxisomal proliferating 
factor α (PPARα) that is involved in fatty acid oxidation 
play a pivotal role in early alcoholic liver injury. Liver 
specifi c overexpression of  SREBP1α or SREBP1c results 
in fatty liver with signifi cantly increased hepatic triglyceride 
content[31]. In hepatoma cultures and ethanol-consuming 
mice, SREBP mRNA and active SREBP1 protein levels 
were significantly increased[32,33] and accompanied by 
hepatic triglyceride accumulation. PPARα, an essential 
regulatory factor up-regulating fatty acid oxidation also 
plays an important role in alcoholic fatty liver induction. 
French and colleagues reported that chronic alcohol 
feeding decreased PPARα mRNA[34]. Further, exposure of  
primary hepatocytes and hepatoma cells to chronic alcohol 
resulted in impaired PPARα DNA binding activity that 
was prevented by 4-methylpyrazole, an inhibitor of  alcohol 
dehydrogenase[35]. Although chronic alcohol decreased 
PPARα activity, treatment of  mice with WY14643, a 
PPARα agonist restored DNA binding activity without 
affecting quantities of  PPARα, indicating additional 
mechanisms affected by alcohol to regulate fatty acid 
oxidation.
S imi l a r to the e f fec t s o f  chron ic a l coho l on 
transcription factors involved in lipid homeostasis, 
alcohol-induced inflammatory mediators that play an 
important role in disease progression, are induced by key 
transcription factors. The most well studied example is 
the activation of  NFκB in monocytes and macrophages 
controlling pro-infl ammatory cytokine induction. Studies 
have shown increased LPS-induced NFκB DNA binding 
activity in monocytes of  patients with alcoholic hepatitis 
compared to controls[36]. While chronic alcohol exposure 
increases LPS-induced NFκB binding in monocytes and 
macrophages, acute alcohol exposure decreases LPS-
induced NFκB binding resulting in different regulation 
of  pro-inflammatory cytokine genes based on duration 
of  alcohol exposure. While several animal models have 
shown increased hepatic LPS-induced NFκB DNA 
binding activity, some studies have failed to observe any 
effect of  chronic alcohol feeding on NFκB activity[37-39]. 
Many studies have described a positive effect of  ROS 
on NFκB regulation[38,40,41]. Recent studies have shown 
that ROS production due to activation of  the NADPH 
oxidase system and interaction with adapters of  the TLR4 
signaling pathway influence NFκB DNA binding and 
promote pro-inflammatory cytokine production[14]. It is 
likely that chronic alcohol exposure may activate NFκB 
via ROS-dependent mechanisms since treatment of  liver 
macrophages with dilinoleoylphosphotidylcholine (DPC) 
protects liver injury and prevents NFκB activation[16].
Activator protein-1 (AP-1) another transcription factor 
is also regulated by acute and chronic alcohol exposure 
in monocyte/macrophages and hepatocytes. Acute and 
chronic alcohol exposure increases AP-1 DNA binding 
activity[28,42,43] in monocytes/macrophages whereas isolated 
Kupffer cells do not show any effect on AP-1 activity 
after chronic ethanol feeding[44]. Furthermore, chronic 
alcohol increases AP-1 expression and induces activation 
in livers of  chronic alcohol fed mice and in isolated 
primary hepatocytes[42,45]. Increased activation of  AP-1 
could influence pro-inflammatory and anti-inflammatory 
cytokine gene induction and hence could contribute to the 
amplifi cation of  the infl ammatory response after chronic 
alcohol exposure. Since AP-1 regulates collagen synthesis, 
increased AP-1 activation could also be implicated in 
alcohol-induced fi brotic changes in the liver[46].
PPARγ, another transcription factor known to inhibit 
inflammatory responses is also regulated by chronic 
alcohol exposure in macrophages. PPARγ expression was 
increased in Kupffer cells and hepatocytes during chronic 
alcohol exposure[47]. Treatment with PPARγ agonists 
prevented development of  chronic alcohol induced 
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steatosis and inflammation[48]. The exact mechanism by 
which PPARγ exerts its effect to resolve alcohol-induced 
liver injury remains to be studied.
Early growth response factor-1 (Egr-1), a zinc fi nger 
transcription factor induced in response to environ-
mental stress and shown to regulate cellular growth 
and proliferation is up-regulated during chronic alcohol 
exposure in Kupffer cells[44,49]. Increased LPS-stimulated 
Egr-1 expression is dependent on ERK1/2 activation in 
Kupffer cells of  chronic alcohol fed mice compared to 
pair-fed controls[44]. Furthermore, recent data show that 
chronic alcohol feeding induced liver injury is blocked in 
Egr-1 knock out mice, indicating a role for the ERK1/2-
Egr-1 pathway in the pathogenesis of  alcoholic liver 
injury[50]. These studies illustrate that based on the cell 
type involved and duration of  alcohol exposure, regulation 
of  transcription factors is highly complex and requires 
further evaluation. Future investigations on regulation 
of  transcription factors during the different stages 
of  alcoholic liver injury will aid in designing effective 
therapeutic strategies.
ALCOHOL AND MAP KINASES
LPS recognition also activates MAPK family members 
including extracellular receptor activated kinases 1/2 
(ERK1/2), p38 and c-jun-N-terminal kinase (JNK) 
resulting in TNFα production[51]. Chronic alcohol 
increases LPS-induced ERK1/2 act ivat ion which 
contributes to TNFα expression in macrophages[44]. 
Similarly, LPS stimulation of  Kupffer cells exposed to 
chronic alcohol showed increased p38 activity whereas 
decreased JNK activity was observed in livers after chronic 
alcohol feeding[39]. Activation of  p38 MAPK by LPS has 
been shown to contribute to TNFα mRNA stability via 
interaction with tristetraprolin (TTP)[52]. Inhibition of  
p38 activation completely abrogated alcohol-mediated 
stabilization of  TNFα mRNA[39]. On the other hand, 
ERK1/2 inhibition did not affect TNFα mRNA stability 
but affected its transcription[44]. LPS stimulation of  
JNK leads to phosphorylation of  c-jun and subsequent 
binding of  c-jun to the CRE/AP-1 site in the TNFα 
promoter[51]. Although chronic alcohol feeding decreased 
JNK activity without any effect on TNFα mRNA, acute 
alcohol exposure increased JNK phosphorylation as well 
as AP-1 binding in the presence of  combined TLR4 plus 
TLR2 stimulation[28] in human monocytes. Furthermore, 
LPS-induced ERK1/2 phosphorylation was decreased in 
acute alcohol exposed monocytes[28], whereas p38 MAPK 
activity was increased contributing to anti-inflammatory 
mediators such as IL-10 after acute alcohol exposure in 
monocytes[43]. Increased oxidative stress in chronic alcohol 
exposed rats promotes hepatocyte apoptosis and necrosis 
and is implicated in the alcohol-induced sensitization to 
the pro-apoptotic action of  TNFα[2]. Besides modulation 
of  MAPK activity in macrophages, potentiation of  alcohol 
induced hepatocyte death has been attributed to increased 
mitochondrial permeability transition and caspase-3 
activation in hepatocytes and depends on p38 MAPK 
activation but is independent of  caspase-8[4,53].
ALCOHOL AND CHAPERONES: ROLE OF 
HSP70 AND HSP90
Mammalian heat shock proteins (hsps) induced in 
response to cellular oxidative stress serves as chaperones 
in refold ing , d isag g regat ion and deg radat ion of  
damaged polypeptides[54,55]. Amongst the family of  
heat shock proteins, Hsp70, Hsp60, Hsp90 and Hsp32 
(also termed HO-1) have been implicated in protective 
mechanisms against increased oxidative stress in liver 
injuries. Upregulation of  hsps in liver cells in culture 
has been shown to diminish the toxicity of  a number of  
hepatotoxicants. Immunohistochemical detection revealed 
elevated Hsp70 in livers of  alcoholic patients[56]. Male 
Wistar rats fed with acute as well as chronic ethanol for 12 
wk showed induction of  Hsp70 in various regions of  the 
brain and to a small extent in the liver[57,58]. However, the 
intensity of  induction of  Hsp70 in the liver, the principal 
organ of  ethanol oxidation was much less pronounced 
than the hippocampus or striatal areas of  the brain[57,58]. 
Recent studies also reveal that acutely and chronically 
ethanol-treated primary astrocyte cultures showed 
increased Hsp70 expression at 50 mmol/L, but not at 
200 mmol/L ethanol concentration suggesting that 
severe toxicity of  a 200 mmol/L ethanol concentration 
seems to exceed the power of  inducible protective 
mechanisms elicited by heat shock proteins in astrocytes[59]. 
The mechanism by which Hsp70 exerts its protective 
role is not clear. Oxidative stress due to depletion of  
glutathione (GSH) and induction of  Hsp70 has been 
closely l inked[60]. Antisense-Hsp70 experiments in 
rat astrocyte cultures resulted in moderate oxidative 
damage in control astrocytes and a consequent drastic 
decrease in the viability of  ethanol-treated cells, with 
mitochondrial functionality being affected[59]. Thus, heat 
shock proteins confer a survival advantage to the cells 
preventing oxidative damage. Hsp70 induction using 
geranylgeranylacetone showed subsequent inhibition of  
alcohol-induced apoptosis of  hepatocytes[61]. Induction of  
hsp72 by hyperthermia pre-conditioning increased hsp70 
and reduced TNFα responses in CCl4-induced cirrhotic 
rats[62]. Use of  drugs that elevate intracellular hsp70 may 
serve to exert a cytoprotective effect in alcoholic liver 
disease. In addition to its role in cytoprotection, hsp70 also 
inhibits infl ammatory responses in immune cells[63]. Hsp70 
interacts with various components of  the NFκB signaling 
pathway (Figure 1). Overexpression of  Hsp70 leads to 
repression of  NFκB mediated gene expression[63]. Further, 
nuclear translocation of  NFκB is also affected in cells 
transfected with the Hsp70 gene[64]. Hsp70-induced NFκB 
inhibition is attributed to both increased IκBα expression 
and attenuated IκBα degradation[65]. In addition, Hsp70 
can directly interact with NFκB p65 and NFκB p50 to 
infl uence NFκB mediated responses[66].
Hsp90 also plays an important role in regulating the TLR 
signaling pathway and can thus influence inflammatory 
responses (Figure 1) by chaperoning key signaling 
molecules. Inhibition of  Hsp90 impairs function of  its 
client signaling proteins and thus alters cell function[67]. 
Treatment of  cells with inhibitors of  Hsp90 such as the 
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benzoquinone ansamycin, geldanamycin activates a heat 
shock response without the stress[68]. Geldanamycin also 
inhibits LPS-induced NFκB activity and TNFα production 
in macrophages[69,70]. Hsp90 is crucial for biogenesis and 
activity of  IKKα and IKKβ, kinases responsible in IκBα 
phosphorylation and activation of  NFκB, and inhibition 
of  Hsp90 results in IKKα and IKKβ depletion[71]. Thus 
Hsp90 can play a crucial role in maintaining the activity 
of  various components of  the NFκB signaling pathway. 
In alcoholic liver disease, ethanol induced oxidative 
stress using the intragastric feeding model induces thiol 
modification of  Hsp90 in the liver[72]. Whether the thiol 
modification of  Hsp90 contributes to progression of  
alcoholic liver disease needs further evaluation. Studies 
have shown that chronic alcohol exposure modulates 
endothelial cell function by increasing NO production 
via PI3 K-dependent up-regulation of  eNOS and its 
interaction with Hsp90[73]. Furthermore, Hsp90 and 
Hsp70 have been shown to form insoluble aggregates 
with cytokeratins to form Mallory bodies[74] in alcoholic 
liver disease. Selective enhancement of  cytochrome 
P450 activity in rat hepatocytes can be achieved by heat 
shock treatment[75]. Alcohol inducible cytochrome P450 
2E1 (CYP2E1) is also shown to be a Hsp90 “client” 
protein and regulation of  Hsp90 can profoundly affect 
enzyme turnover[76]. Thus, taken together, it is tempting to 
speculate that chaperoning activity of  Hsp90 and Hsp70 
could be modulated using pharmacological inhibitors to 
alleviate alcohol-induced oxidative stress and infl ammation 
and reversal of  liver injury.
CONCLUSION
In conclusion, the biological effects of  acute and chronic 
alcohol exposure and the net result on intracellular 
signaling pathways in liver cell types are complex. It is 
evident that the innate immune response plays a signifi cant 
role in the development of  alcoholic liver injury. A 
wealth of  information is available on the contribution 
of  pro-inflammatory responses in alcohol-induced liver 
damage. Studies on interactions of  various signaling 
mechanisms in the different cell types of  the liver and 
their outcomes in the liver microenvironment will provide 
a better understanding of  the pathogenesis of  alcoholic 
liver disease. Future studies performed to delineate novel 
molecular pathways are necessary and will provide a better 
understanding of  liver injury induced by chronic alcohol 
consumption.
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